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The  continued  increase  in  the  demand  for  energy,  growing  recognition  of  climate  change  impacts,  high 
oil  and  gas  prices  and  the  rapid  depletion  of  fossil  fuel  reserves  have  led  to  an  increased  interest  in 
the  mass  generation  of  electricity  from  renewable  sources.  Traditionally,  this  has  been  pursed  through 
riverine  hydropower  plants,  with  onshore  wind  systems  growing  steadily  in  popularity  and  importance 
over  the  years.  Other  renewable  energy  resources,  which  were  previously  not  economically  attractive 
or  technically  feasible  for  large  scale  exploitation,  are  now  being  considered  to  form  a  significant  part 
of  the  energy  mix.  Amongst  these,  marine  and  in  particular,  tidal  energy  resource  has  become  a  seri¬ 
ous  candidate  for  undergoing  mass  exploitation  in  the  near  future,  particularly  in  places  with  a  tidal 
range  of  4  m  or  more.  Tidal  renewable  energy  systems  are  designed  to  extract  the  kinetic  or  poten¬ 
tial  energy  flow  and  convert  it  into  electricity.  This  can  be  achieved  by  placing  tidal  stream  turbines 
in  the  path  of  high  speed  tidal  currents  or  through  tidal  range  schemes,  where  low  head  turbines  are 
encapsulated  in  impoundment  structures,  much  like  in  low  head  riverine  hydropower  schemes.  It  is 
thought  that  these  systems,  when  implemented  at  scales  required  to  generate  substantial  amounts 
of  electricity,  have  the  potential  to  significantly  alter  the  tidal  flow  characteristics,  which  could  have 
knock-on  impacts  on  the  hydro-environment.  This  review  gathers  together  knowledge  from  differ¬ 
ent  research  areas  to  facilitate  an  evaluation  of  the  potential  hydro-environmental  impacts  of  tidal 
renewable  energy  systems,  with  a  particular  focus  on  water  quality.  It  highlights  the  relevance  of  hydro- 
environmental  modelling  in  assessing  potential  impacts  of  proposed  schemes  and  identifies  areas  where 
further  research  is  needed.  A  case  study  is  presented  of  recent  modelling  studies  undertaken  for  the 
Severn  Estuary. 

©  2011  Elsevier  Ltd.  All  rights  reserved. 
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1.  Introduction 

In  the  past  five  decades,  there  has  been  a  constant  global  increase 
in  the  demand  for  energy.  According  to  the  projections  of  the  Inter¬ 
national  Energy  Agency  (IEA),  the  global  energy  demand  has  risen 
by  about  40%  since  1 990,  and  a  53%  increase  is  expected  by  2030  [  1  ]. 
The  majority  of  the  global  energy  demand  is  still  met  by  fossil  fuels, 
which  accounts  for  88.1%  (i.e.  crude  oil  accounts  for  34.8%,  natural 
gas  for  24.1%  and  coal  for  29.2%)  [2].  Due  to  this  widespread  use 
of  fossil  fuels,  global  reserves  are  depleting.  The  projected  years 
of  supply  remaining  for  the  global  reserves  of  crude  oil,  natural 
gas  and  coal  are  47,  60  and  131  years,  respectively  [3].  As  a  result, 
fossil  fuel  prices  have  been  increasing  and  they  are  expected  to 
continue  to  rise,  as  buyers  compete  for  finite  reserves.  Further¬ 
more,  fossil  fuels  significantly  contribute  to  the  emission  of  green 
house  gases,  including  carbon  dioxide,  which  is  widely  regarded 
as  one  of  the  causes  of  global  warming  and  climate  change.  With 
the  global  increase  in  the  demand  for  energy,  the  growing  aware¬ 
ness  and  concerns  over  high  crude  oil  and  natural  gas  prices,  high 
carbon  footprint,  climate  change  and  the  rapid  depletion  of  fossil 
fuel  reserves,  the  generation  of  energy  from  renewable  resources 
has  become  imperative.  In  addition,  being  a  member  state  of  the 
European  Union,  the  UK  is  committed  to  the  EU  renewable  energy 
target  of  producing  15%  of  its  energy  from  renewable  resources 
by  2020,  which  corresponds  to  35%  of  the  UK’s  electricity  demand 
[4,5].  However,  only  5%  of  Britain’s  electricity  presently  comes  from 
renewable  resources  [6]. 

The  total  tidal  energy  resource  in  the  world  has  been  estimated 
and  key  areas  mapped  out  for  some  time  [7].  Practical  estimates 
suggest  that  tidal  energy  systems  can  provide  a  significant  pro¬ 
portion  of  the  UK’s  electricity  demand,  reliably  and  safely  [8].  As 
a  result,  there  has  been  an  increased  interest  in  the  UK  to  har¬ 
ness  the  tidal  resource  in  recent  years,  with  tidal  range  and  tidal 
stream  resource  sites  with  potential  for  large  scale  commercial 
exploitation  having  been  identified  [9].  There  are  strong  indica¬ 
tions  that  the  growing  interest  in  tidal  renewable  energy  systems 
will  lead  to  the  implementation  of  several  additional  schemes  in 
the  next  decade  or  two  around  the  UK.  It  is  understood  that  such 
schemes  can  have  a  range  of  near-field  and  far-field  impacts  on 
the  hydro-environment,  which  can  be  perceived  as  both  positive 
and  negative.  These  impacts  can  occur  mainly  through  alterations 
to  tidal  flow  characteristics,  with  changes  to  the  hydrodynamic 
regime  potentially  having  knock-on  impacts  on  sediment  trans¬ 
port,  geomorphological,  ecological  and  water  quality  processes  in 
an  estuary  and/or  coastline  [10-12]. 

In  this  paper,  we  have  pulled  together  evidence  from  differ¬ 
ent  areas  of  research  to  evaluate  the  likely  hydro-environmental 
impacts  of  tidal  renewable  energy  systems,  focusing  on  estuar¬ 
ine  and  coastal  water  quality.  The  overall  objective  is  to  inform 
modelling  refinements  and  applications,  as  well  as  the  formation 
of  future  research  questions,  ultimately  to  assist  environmentalist 
and  planners  involved  in  assessing  the  environmental  risks  of  tidal 
renewable  energy  systems. 

2.  Key  features  of  tidal  renewable  energy  systems 

2. I .  Tidal  range  structures 

Tidal  range  structures  create  an  artificial  head  difference 
between  the  inside  and  outside  of  a  water  basin  and  generate  elec¬ 
tricity  by  releasing  water  through  low  head  turbines.  There  are  two 
main  tidal  range  structure  designs-tidal  barrages  and  tidal  lagoons. 
The  potential  power  generated  by  these  tidal  range  structures  can 
be  expressed  as: 

P  oc  AH 2 


where  P= potential  generated  power,  A  =  wetted  impounded  sur¬ 
face  area  and  H  =  head  difference  across  the  impoundment  wall. 
Consequently,  the  optimal  locations  for  tidal  range  structures  are 
estuaries  with  high  tidal  ranges  and  large  basins,  many  of  which  are 
present  in  the  UK  (Fig.  1 )  [  1 3  ].  For  example,  the  Severn  Estuary,  situ¬ 
ated  along  the  coast  of  South  Wales  and  the  western  English  county 
of  Somerset,  has  the  third  largest  tidal  range  in  the  world,  with 
its  spring  tidal  range  reaching  14  m,  demonstrating  the  extensive 
tidal  power  resource  available  within  the  UK.  The  other  estuaries 
with  tidal  ranges  higher  than  the  Severn  Estuary  include  the  Bay 
of  Fundy  and  Ungava  Bay  in  Canada,  each  with  a  maximum  tidal 
range  of  17  m  [14]. 

Tidal  barrages  are  effectively  dams  built  across  estuaries  where 
the  tidal  range  is  large  enough  to  site  turbines  and  economically 
generate  electricity.  They  also  act  as  storm  surge  barriers  and  hence, 
can  help  reduce  the  risk  of  coastal  flooding.  They  work  in  a  similar 
manner  to  a  low-head  hydropower  system  and  extract  energy  from 
the  rise  and  fall  of  the  tide. 

A  tidal  barrage  usually  consists  of  four  main  components  [15]: 

•  Embankments:  These  are  constructed  where  there  are  gaps 
across  the  estuary.  They  are  designed  not  to  dissipate  much  of 
the  flow  energy. 

•  Turbines :  They  are  located  in  water  passages  and  designed  to  con¬ 
vert  the  potential  energy  created  by  the  head  difference  across  the 
barrage  into  kinetic  energy  and  subsequently  rotational  energy 
which  is  converted  to  electricity  through  generators. 

•  Openings:  They  are  fitted  with  control  gates  (i.e.  sluice  gates)  to 
pass  flows  at  a  particular  time  and  with  minimum  obstruction. 

•  Locks:  Usually,  one  or  more  lock(s)  are  built  in  the  structure  to 
allow  ships  and  boats  pass  the  barrage  safely. 

A  number  of  tidal  barrages  have  been  proposed  worldwide 
including  the  Penzhinskaya  scheme  in  Russia  and  the  Severn  and 
Mersey  schemes  in  the  UK.  However,  there  are  few  operating  tidal 
barrages  in  the  world.  The  first  and  largest  is  the  La  Ranee  Barrage  in 
France  which  has  been  in  operation  since  the  1960s  and  generates 
up  to  240  MW.  The  second  largest  is  the  Annapolis  Royal  Barrage  in 


Fig.  1.  Mean  spring  tidal  range  in  UK  estuaries  [13]. 
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Canada  which  generates  about  18  MW  [16].  Smaller  schemes  exist 
such  as  the  Kislaya  Guba  plant  in  Russia  (0.4  MW)  and  Jiangxia  plant 
in  China  (3.2  MW)  [16].  There  are  also  schemes  under  construction 
in  South  Korea  including  the  Sihwa  Lake  plant. 

A  tidal  barrage  can  be  operated  with  different  operating  schemes 
such  as  ebb  generation,  flood  generation  and  ebb  and  flood  gener¬ 
ation  (also  known  as  two-way  generation),  where  each  of  these 
operating  schemes  can  be  supplemented  with  pumping.  Selecting 
the  most  effective  operating  scheme  to  maximise  power  output 
and  efficiency  needs  to  be  balanced  with  other  drivers  such  as 
navigation,  flooding  issues  and  the  environmental  impacts  both 
upstream  and  downstream  of  the  barrage.  Between  the  three  oper¬ 
ating  schemes,  flood  generation  produces  the  least  power  output, 
ebb  generation  is  the  most  appropriate  for  maintaining  naviga¬ 
tion  and  two-generation  has  the  least  impact  on  the  hydrodynamic 
regime  of  the  estuary  [17].  However,  ebb  generation  which  is 
explained  below,  is  the  most  common  operating  scheme,  with  the 
La  Ranee  barrage  presently  operating  under  the  ebb  generation 
scheme.  Therefore,  we  limit  the  scope  of  this  paper  to  ebb  gen¬ 
eration  operating  scheme.  Details  of  the  other  operating  schemes 
can  be  found  in  [15].  The  ebb  generation  scheme  consists  of  three 
main  stages  including: 

•  Filling:  where  water  flows  from  the  sea  into  the  basin,  through 
both  sluice  gates  and  turbines.  The  water  level  within  the  basin 
is  lower  compared  to  the  level  outside  the  basin  at  this  time  and 
it  will  usually  continue  to  rise  until  the  level  outside  of  the  basin 
reach  high-water  level.  The  turbines  do  not  generate  electricity 
at  this  stage. 

•  Holding:  Both  turbines  and  sluice  gates  are  closed  at  this  stage. 
The  basin  water  body  and  the  sea  behave  as  two  independent 
water  bodies.  The  holding  stage  occurs  twice  during  each  tidal 
cycle,  namely  the  post-filling  phase  and  the  post-generating 
phase.  Water  levels  within  the  basin  during  the  post-filling  phase 
are  usually  slightly  lower  than  high  water  level,  while  water  lev¬ 
els  within  the  basin  during  the  post-generating  phase  are  usually 
around  mean  water  level. 

•  Generating:  Turbines  are  open  at  this  stage  and  water  flows  from 
the  impounded  basin  into  the  sea  through  the  turbines.  Flow  is 
due  to  the  head  difference  either  side  of  the  barrage,  which  is  arti¬ 
ficially  generated  by  the  holding  phase,  and  generating  electricity. 
The  sluice  gates  are  closed  during  this  stage. 

A  tidal  lagoon  is  an  enclosed  embayment  which  is  constructed 
as  a  fully  closed  basin  and  operates  under  the  same  concept  as 
a  barrage.  Tidal  lagoons  can  be  built  off-shore  or  attached  to  the 
coast.  One  of  the  advantages  of  the  lagoons  over  barrages  is  that 
they  do  not  block  the  estuary  and  subsequently,  may  have  a  lesser 
impact  on  flow,  sediment  transport,  fish  migration  and  shipping 
than  barrages.  In  addition,  coastally  attached  impoundments  can 
reduce  flood  risk.  However,  they  have  a  higher  construction  cost 
compared  to  barrages  [18].  This  is  due  to  the  higher  wall  length  to 
basin  area  ratio  required  for  a  tidal  lagoon.  Given  that  the  Severn 
Estuary  is  one  of  the  most  attractive  sites  for  tidal  lagoons  in  the 
UK,  the  construction  of  tidal  lagoons  on  the  estuary  has  been  pro¬ 
posed  including  the  Fleming  Lagoon.  Other  attractive  sites  for  tidal 
lagoons  include  the  estuaries  on  the  coast  of  North  West  and  South 
East  England  as  well  as  North  Wales  due  to  their  high  tidal  range 
(Fig.  1).  Presently,  there  are  no  built  tidal  lagoons  in  the  world. 

2.2.  Tidal  stream  systems 

Tidal  stream  turbines  are  devices  that  extract  kinetic  energy 
from  the  tidal  stream  and  convert  the  energy  into  electricity.  The 
principle  behind  tidal  stream  turbines  is  similar  to  wind  turbines. 
However,  the  working  medium  for  stream  turbines  is  water  which 


Fig.  2.  Locations  of  tidal  stream  resource  sites  in  the  UK  [9]. 


is  almost  1000  times  denser  than  air.  This  is  a  more  recent  technol¬ 
ogy  compared  to  barrages.  Tidal  stream  turbines  can  be  categorised 
based  on  their  rotor  configuration  into  horizontal  axis  turbines, 
reciprocating  hydrofoil  and  vertical  axis  turbines.  Generally,  a  hor¬ 
izontal  axis  turbine  can  only  capture  a  portion  of  the  total  kinetic 
energy  passing  through  the  area  swept  by  the  device  blades  which 
can  be  represented  as: 

1  . 

^available  =  —  CppAU 

where  Cp  =  power  coefficient,  Pavaiiabie=total  energy  flux  passing 
through  the  turbine  area,  p  =  water  density  (kg  m-3 ),  A  =  area  of  the 
control  volume  (m2)  and  U=  component  of  the  water  flow  veloc¬ 
ity  perpendicular  to  the  cross-section  of  the  channel  (ms-1).  Cp  is 
limited  according  to  the  Betz  law  with  a  theoretical  maximum  of 
59.3%  [19].  Considering  the  available  energy  for  the  turbines,  ideal 
locations  for  stream  turbines  are  areas  with  high  speed  currents. 
The  maximum  energy  that  can  be  extracted  from  the  water  body 
depends  on  the  direction  of  the  currents  and  locating  the  turbines 
in  the  ideal  direction  in  the  waterbody  plays  an  important  role.  The 
Severn  Estuary  is  one  of  the  estuaries  in  the  UK  with  the  highest 
tidal  currents,  making  it  an  ideal  site  for  stream  turbines.  It  is  also 
the  only  tidal  stream  resource  site  in  the  UK  with  potential  for  large 
scale  commercial  exploitation  not  situated  in  open  sea  (Fig.  2)  [9]. 

Although  many  studies  on  the  design  and  performance  of  stream 
turbines  have  been  conducted  [20-22],  there  is  no  operational  array 
of  stream  turbines  to  date.  However,  a  few  full  scale  pilot  stream 
turbines  are  in  operation  including  the  SeaGen  turbine  installed 
in  Strangford  Lough  (Northern  Ireland)  which  generates  1.2  MW 
and  the  OpenHydro  turbine  installed  in  the  Bay  of  Fundy  (Canada) 
which  generates  1  MW  [23,24].  Several  schemes  are  planned  for 
installation  in  several  locations  in  the  UK  including  Ramsey  Sounds 
in  West  Wales  and  Pentland  Firth  in  Scotland  [25]. 

3.  Water  quality  impacts 

The  hydro-environmental  parameters  which  impact  on  water 
quality  in  an  estuary  or  a  coastline  as  a  whole  are  diverse, 
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Fig.  3.  Summary  of  inter-relationships  between  key  water  quality  parameters  con¬ 
sidered  in  this  paper. 


ranging  from  physical  to  biological  to  chemical  parameters.  There¬ 
fore,  this  paper  focuses  on  the  key  parameters  which  are  most  likely 
to  be  affected  by  the  changes  in  the  hydrodynamic  regime  following 
the  construction  of  tidal  renewable  energy  systems  in  macro-tidal 
estuaries  (Fig.  3). 

3.2.  Sediment  transport 

The  presence  of  a  tidal  range  structure  across  or  tidal  stream 
device  in  an  estuary  is  likely  to  have  an  effect  on  the  pre-existing 
sediment  transport  capacity  of  the  estuary.  This  would  mainly 
be  due  to  changes  in  the  magnitude  of  tidal  currents  and  sed¬ 
iment  carrying  capacity  within  the  estuary  [5,26].  Xia  et  al.  [5] 
predicted  a  50%  reduction  in  tidal  currents  in  the  Severn  Estuary 
following  the  construction  of  a  barrage  due  to  a  decrease  in  the 
volume  of  water  entering  and  leaving  the  estuary.  Such  a  reduc¬ 
tion  in  tidal  currents  is  likely  to  lead  to  increased  sedimentation 
rates  in  certain  locations  [27].  The  location  of  potential  sedimen¬ 
tation  will  depend  on  the  prevailing  source  of  sediment  to  the 
estuary.  If  riverine  sources  are  dominant,  then  sedimentation  is 
likely  within  the  impounded  water  column.  However,  if  the  sed¬ 
iments  arrive  mainly  from  marine  sources,  then  sedimentation  is 
likely  to  occur  in  the  vicinity  immediately  outside  the  structures 
[27].  In  the  case  of  tidal  stream  devices,  the  current  velocities 
are  predicted  to  reduce  both  upstream  and  downstream  of  the 
devices  [28]  and  this  could  lead  to  a  significant  modification  of 
sediment  depositional  patterns.  Also,  sediments  that  are  trans¬ 
ported  back  and  forth  within  the  estuary  twice  a  day  with  the 
tides  will  be  removed  by  deposition  due  to  reduced  currents.  With 
the  reduction  in  tidal  currents,  the  suspended  sediment  levels  in 
the  water  column  will  decrease.  For  example,  following  the  con¬ 
struction  of  a  barrage  across  the  Severn  Estuary,  the  suspended 
sediment  levels  are  predicted  to  reduce  considerably  from  maxi¬ 
mum  spring  tide  conditions  of  1 200  mg  l-1  to  200  mg  l-1  upstream 
of  the  barrage  [6].  However,  there  may  not  be  a  significant  decrease 
in  the  suspended  sediment  levels  in  the  region  very  close  to  a 
tidal  range  structure  or  tidal  stream  device.  This  is  because  there 
is  likely  to  be  large  tidal  flow  velocities  in  the  immediate  vicin¬ 
ity  of  a  barrage  or  a  stream  turbine.  For  example,  there  would  be 
accelerated  flows  in  the  immediate  region  around  a  single  tidal 
stream  turbine  [12].  Such  conditions  could  lead  to  local  scour  of 
the  seabed  around  the  structure  or  device  [5,12].  In  general,  the 
magnitude  of  change  in  the  suspended  sediment  levels  is  closely 


related  to  the  condition  of  the  local  seabed  geology  of  the  estuary 
[5]. 

Since  the  construction  of  tidal  range  structures  can  lead  to  a 
decrease  in  the  volume  of  water  entering  the  estuary,  the  tidal  force 
on  the  seabed  and  the  bed  shear  stress  will  reduce  [29].  The  bed 
shear  stress  is  predicted  to  reduce  by  a  factor  of  3-5  with  the  con¬ 
struction  of  a  barrage  across  the  Severn  Estuary  [27].  On  the  whole, 
there  is  likely  to  be  a  reduction  in  vertical  mixing  due  to  reduced 
tidal  flows,  leading  to  a  corresponding  decrease  in  sediment  resus¬ 
pension  [29].  However,  near  the  structures,  mixing  and  sediment 
resuspension  could  be  enhanced  by  an  increased  level  of  flow  shear. 
Similarly,  increased  turbulence  levels  in  the  wake  of  tidal  stream 
turbines  could  cause  enhanced  mixing  and  sediment  resuspension. 

The  impact  of  several  tidal  stream  turbines  on  suspended  sedi¬ 
ment  levels  is  not  likely  to  be  limited  to  the  immediate  area  around 
the  turbine  site  and  could  be  evident  some  considerable  distance 
from  the  array.  This  is  because  the  presence  of  several  stream  tur¬ 
bines  in  a  channel  could  induce  a  change  in  the  flow  velocities, 
currents  and  flow  patterns  in  the  entire  channel  [12].  Ahmadian 
et  al.  [28]  predicted  that  the  introduction  of  an  array  of  tidal  stream 
turbines  in  the  Severn  Estuary  would  lead  to  a  reduction  in  the 
suspended  sediment  levels  in  the  water  column  for  up  to  10  km 
downstream  from  the  array.  However,  the  reduction  in  the  sus¬ 
pended  sediment  levels  was  predicted  to  be  more  significant  10  km 
downstream  from  the  array  than  within  the  array.  Although  these 
impacts  need  to  be  studied  in  more  detail,  there  is  the  likelihood 
that  the  near-field  effect  of  stream  turbines  on  suspended  sediment 
levels  is  smaller  compared  to  the  far-field  effect  several  kilometres 
away  from  the  stream  turbines. 

The  sediment  transport  pathways  in  an  estuary  will  be 
altered,  possibly  irreversibly,  by  tidal  renewable  energy  sys¬ 
tems  and  these  changes  could  have  knock-on  effects  on  other 
hydro-environmental  parameters  in  the  estuary.  For  example,  the 
decrease  in  sediment  resuspension  combined  with  the  increase  in 
sedimentation  rates  and  the  decrease  in  suspended  sediment  lev¬ 
els  are  likely  to  result  in  a  decrease  in  the  turbidity  of  the  water 
column.  The  decrease  in  turbidity  will,  in  turn,  improve  light  pen¬ 
etration  in  the  water  column  [26]  and  hence  increase  the  depth  of 
the  photic  zone.  Radford  and  Ruardij  [30]  predicted  an  increase  in 
the  depth  of  the  photic  zone  from  0.1  m  to  about  5  m  with  the  con¬ 
struction  of  a  barrage  across  the  Severn  Estuary.  Also,  the  change 
in  sediment  transport  and  suspended  sediment  levels  has  poten¬ 
tial  implications  for  the  fate  and  behaviour  of  sediment-associated 
metals,  nutrients  and  pathogens  in  the  water  column,  which  are 
discussed  in  the  subsequent  sections. 

3.2.  Salinity 

Similar  to  suspended  sediments,  salinity  exerts  an  impor¬ 
tant  control  on  several  hydro-environmental  parameters  including 
metals,  nutrients  and  dissolved  oxygen  with  important  conse¬ 
quences  for  the  water  quality  in  an  estuary.  Salinity  influences  the 
fate  and  behaviour  of  metals  and  nutrients  through  its  influence 
on  sorption-desorption  processes  [31,32].  For  example,  increased 
salinity  enhances  metal  and  nutrient  desorption  from  sediments, 
increasing  dissolved  metal  and  nutrient  concentrations  in  the 
water  column  due  to  increased  competition  from  seawater  cations 
[31,32].  Also,  salinity  affects  dissolved  oxygen  concentrations 
through  its  influence  on  the  solubility  of  oxygen. 

Due  to  the  reduction  in  the  magnitude  of  tidal  currents  and 
the  volume  of  water  entering  the  estuary  with  the  construction 
of  a  tidal  range  structure  [26],  a  reduction  in  tidal  flushing  and 
seawater  penetration  within  the  basin  is  expected.  This  is  likely 
to  result  in  a  decrease  in  salinity  levels  within  the  impounded 
water  column  [33],  with  the  degree  of  change  in  salinity  depen¬ 
dent  on  the  water  volume  within  the  impounded  area.  However,  a 
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possible  increase  in  salinity  has  been  predicted  to  occur  follow¬ 
ing  the  construction  of  a  barrage  across  the  Severn  Estuary  due 
to  increase  mean  water  level  upstream  [34].  Given  that  the  intro¬ 
duction  of  an  array  of  stream  turbines  does  not  present  any 
significant  obstacle  to  tidal  flushing  and  no  significant  change  is 
expected  in  water  levels  in  the  Severn  Estuary  with  the  intro¬ 
duction  of  an  array  of  stream  turbines  [28],  there  is  likely  to 
be  no  noticeable  change  in  salinity  levels.  It  is  important  to 
note  that  the  change  in  the  salinity  levels  due  to  the  construc¬ 
tion  of  tidal  energy  barrages  is  usually  smaller  compared  to  the 
construction  of  recreational  and  amenity  barrages  [35].  Nonethe¬ 
less,  there  is  a  need  to  assess  the  potential  impacts  of  proposed 
tidal  renewable  energy  systems  on  the  salinity  levels  in  estuaries 
on  a  case  by  case  basis,  particularly  through  detailed  modelling 
studies. 

3.3.  Dissolved  oxygen  (DO) 

Dissolved  oxygen  is  an  important  hydro-environmental  param¬ 
eter  which  is  needed  to  sustain  aquatic  flora  and  fauna  in  an  estuary. 
It  affects  nutrient  concentrations  in  the  water  column  and  con¬ 
trols  the  occurrence  of  harmful  algal  blooms  [35,36].  The  dissolved 
oxygen  status  of  an  estuary  is  generally  a  balance  between  inputs 
and  outputs.  A  deficit  between  the  outputs  and  inputs  of  oxy¬ 
gen  into  the  water  column  leads  to  very  low  dissolved  oxygen 
levels  or  even  the  complete  absence  of  dissolved  oxygen  in  the 
water  column  which  is  also  known  as  hypoxia.  The  input  sources  of 
oxygen  into  an  estuary  include  re-aeration  from  the  atmosphere, 
freshwater  flows  from  rivers,  incoming  seawater,  in  situ  photo¬ 
synthetic  production  and  chemically  bound  oxygen  in  nitrates  and 
sulphates  [35,36].  The  main  processes  which  lead  to  a  loss  of  dis¬ 
solved  oxygen  are  respiration  by  aquatic  flora  and  fauna  as  well 
as  the  microbial  decomposition  of  detritus  and  sediment  organic 
matter  which  exerts  a  strong  oxygen  demand  given  that  estuar¬ 
ine  sediments  tend  to  be  rich  in  organic  matter  [35,36].  Also,  the 
use  of  oxygen  by  photosynthetic  plants  during  night  time  results 
in  a  reduction  of  dissolved  oxygen.  The  loss  of  dissolved  oxy¬ 
gen  is  exacerbated  in  eutrophic  waters  where  dead  algae  sink 
onto  the  sediment  bed  after  mass  algal  growth  events  as  oxy¬ 
gen  is  used  in  the  biodegradation  process.  Other  possible  causes 
of  low  dissolved  oxygen  levels  in  an  estuary  include  stagnation 
of  the  water  column,  build-up  of  organic  matter  and  inputs  of 
nutrients  from  storm  sewers  and  industrial  discharges,  all  lead¬ 
ing  to  a  significant  biological  and  chemical  oxygen  demand  [37]. 
An  increase  in  temperature  can  also  result  in  low  dissolved  oxygen 
levels. 

There  are  concerns  over  the  potential  impact  of  tidal  range  struc¬ 
tures  on  the  dissolved  oxygen  levels  in  the  water  column  due  to 
the  need  to  protect  aquatic  biota,  including  fish.  The  oxygen  sta¬ 
tus  of  an  estuary  with  the  construction  of  a  barrage  is  likely  to  be 
affected  largely  by  the  reduction  in  tidal  flushing  and  mixing  pro¬ 
cesses,  which  could  lead  to  a  reduction  of  the  dissolved  oxygen 
levels  [37].  However,  there  is  the  likelihood  that  the  decrease  in 
turbidity  and  the  subsequent  increase  in  light  penetration  and  the 
photic  zone  in  the  water  column  would  increase  photosynthesis, 
thereby  increasing  dissolved  oxygen  levels.  This  could  be  reduced, 
though,  by  photosynthetic  plants  which  use  oxygen  during  night 
time  and  the  use  of  oxygen  for  the  increased  productivity  of  aquatic 
fauna.  In  addition,  given  that  the  solubility  of  oxygen  is  negatively 
correlated  with  salinity,  any  reduction  in  salinity  levels  occurring 
as  a  result  of  the  construction  of  tidal  renewable  energy  structures 
would  enable  the  estuarine  waters  to  dissolve  and  retain  more  oxy¬ 
gen,  hence  increasing  the  dissolved  oxygen  levels  [33].  In  the  case 
of  tidal  stream  turbines,  they  do  not  present  a  significant  barrier  to 
tidal  flushing  and  hence,  are  unlikely  to  have  any  significant  impact 
on  dissolved  oxygen  levels  in  the  water  column. 


3.4.  Metals 

Excessive  metal  concentrations  in  water  bodies  are  a  major  envi¬ 
ronmental  concern.  This  is  mainly  because  of  their  wide  spread  use, 
potential  toxic  effects  on  aquatic  biota  and  their  long  residence 
time  in  the  environment  as  they  cannot  be  degraded  to  innocu¬ 
ous  by-products.  Certain  metals  are  essential  for  living  organisms 
in  trace  amounts  such  as  copper,  zinc,  cobalt  and  molybdenum  but 
exposure  to  high  concentrations  can  have  toxic  biological  effects 
[38,39].  Other  metals  such  as  lead,  mercury,  cadmium,  nickel  and 
arsenic  that  have  no  metabolic  role  can  also  have  toxic  effects  on 
organisms  on  exposure  to  high  concentrations  [40].  These  metals 
can  enter  the  food  chain,  resulting  in  bioaccumulation  in  higher 
organisms  including  fish  and  damage  to  human  health.  An  exam¬ 
ple  is  the  Minamata  disease  in  Japan  which  resulted  in  the  death  of 
thousands  of  people  due  to  mercury  poisoning  following  the  con¬ 
sumption  of  fish  contaminated  with  methyl  mercury  discharged 
from  a  chemical  factory  into  an  estuary  [41  ]. 

Most  of  the  metal  inputs  to  estuaries  arise  from  numerous 
anthropogenic  sources  [42].  These  include  sewage  effluents  (a 
potential  source  of  zinc,  cadmium,  lead  and  copper),  industrial  dis¬ 
charge  (a  potential  source  of  nickel,  copper,  zinc  and  chromium), 
agriculture  (a  potential  source  of  zinc,  lead,  chromium  and  cop¬ 
per),  road  run-off  (a  potential  source  of  arsenic,  zinc,  cadmium, 
lead  and  nickel)  and  ships  (a  potential  source  of  copper  and  zinc). 
The  majority  of  metals  released  from  these  anthropogenic  sources 
readily  associates  with  sediments  suspended  in  the  water  column. 
This  is  because  sediments  have  a  large  capacity  to  adsorb  met¬ 
als  which  are  positively  charged,  due  to  their  high  surface  area 
per  unit  mass  and  high  proportion  of  reactive  coating  on  parti¬ 
cle  surfaces  which  gives  the  particles  an  overall  negative  surface 
charge  [43,44].  Suspended  sediments  have  a  tendency  to  settle  out 
of  the  water  column,  creating  a  repository  for  metals.  However, 
these  sediment-associated  metals  can  be  released  back  into  the 
water  column  due  to  resuspension  [45,46],  thereby  increasing  their 
potential  risk  to  aquatic  organisms.  There  are  several  processes 
through  which  metals  interact  with  sediment  and  these  include 
adsorption  and  desorption  through  ion  exchange,  precipitation  and 
dissolution  of  carbonate-bound  metals,  formation  and  decomposi¬ 
tion  of  organic  matter-metal  complexes,  formation  and  dissolution 
of  oxyhydroxides,  sorption  and  co-precipitation  of  metals  by  iron 
and  manganese  oxides  and  precipitation  and  dissolution  of  metal 
sulphides  [47,48].  The  details  of  these  processes  are  complex  and 
not  the  focus  of  this  review.  Our  main  area  of  concern  relates  to  the 
potential  impacts  that  tidal  renewable  energy  systems  can  have  on 
the  availability  of  metals  in  the  estuary. 

Given  that  sediments  suspended  in  the  water  column  have  a 
tendency  to  accumulate  and  store  metals  and  given  the  likeli¬ 
hood  that  sedimentation  would  increase  and  resuspension  would 
decrease,  on  average,  the  construction  of  a  tidal  range  structure 
would  likely  reduce  total  metal  concentrations  in  the  water  col¬ 
umn  in  the  region  upstream  of  an  impoundment.  As  suspended 
sediment  settle  out  of  the  water  column,  they  would  trap  metals 
into  the  bed  sediment  and  the  surrounding  mudflats  where  they 
may  remain  due  to  a  reduction  in  sediment  disturbance  by  resus¬ 
pension  [49].  In  addition,  metals  from  existing  sediment  sinks  are 
less  likely  to  be  released  back  into  the  water  column  due  to  reduced 
sediment  resuspension,  although  localised  net  erosion  may  occur 
due  to  the  modification  of  hydrodynamic  forcing  conditions,  par¬ 
ticularly  in  the  vicinity  of  a  structure.  Similarly,  the  reduction  in 
suspended  sediment  levels  following  the  introduction  of  an  array 
of  stream  turbines  in  an  estuary  [28]  could  lead  to  a  reduction  in  the 
total  metal  concentrations  in  the  water  column,  particularly  down¬ 
stream,  some  considerable  distance  away  from  the  array.  However, 
the  acceleration  of  flow  in  the  region  around  a  turbine  and  the  tur¬ 
bulent  wake  associated  with  a  turbine  [12]  could  lead  to  localised 
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sediment  resuspension  and  a  corresponding  increase  in  metal  con¬ 
centrations  very  close  to  the  devices.  But  unlike  estuaries  which 
have  a  tendency  to  act  as  repositories  for  fine  sediments  with  high 
levels  of  metal  contamination  due  to  anthropogenic  activities,  the 
level  of  metal  contamination  in  resuspended  sediments  in  open 
sea  tidal  stream  sites  would  probably  be  minimal  and  unlikely 
to  directly  jeopardise  water  quality  in  the  region  very  close  to 
the  devices.  The  implication  of  the  change  in  suspended  sediment 
concentrations  for  the  adsorption  of  new  dissolved  metal  inputs 
following  the  construction  of  tidal  renewable  energy  structures 
is  less  clear.  Several  studies  have  demonstrated  that  there  is  an 
inverse  relationship  between  metal  adsorption  and  suspended  sed¬ 
iment  concentration  due  to  a  combination  of  several  physical  and 
chemical  mechanisms,  including  colloids  and  particle  characteris¬ 
tics  [31,44].  However,  the  relationship  is  not  generally  observed 
above  certain  suspended  sediment  concentrations  [50,51].  This 
means,  in  effect,  that  suspended  sediments  may  be  more  prone  to 
adsorb  dissolved  metals  in  the  less  turbid  water  column  following 
the  introduction  of  tidal  range  structures  or  tidal  stream  turbines 
in  an  estuary.  As  a  result,  dissolved  metal  inputs  may  have  a  shorter 
residence  time  in  the  water  column.  But  further  investigations  are 
needed,  particularly  in  the  context  of  Environmental  Quality  Stan¬ 
dards  in  the  Water  Framework  Directive,  which  considers  long  term 
averages  of  contaminants  levels  in  some  cases  [52].  Also,  a  reduc¬ 
tion  in  tidal  flushing  associated  with  tidal  ranges  structures  is  likely 
to  reduce  the  capacity  for  metal  inputs  to  be  rapidly  moved  out 
from  the  estuary  into  adjacent  coastal  waters  which  may  lead  to  a 
build-up  of  metals  in  the  water  column  [53]. 

The  change  in  salinity  with  the  construction  of  tidal  range  struc¬ 
tures  is  likely  to  have  an  effect  on  metals  in  the  water  column  as 
salinity  exerts  an  important  control  on  sediment-metal  interac¬ 
tions  in  estuaries  through  competitive  and  complexing  reactions  of 
seawater  ions.  The  major  seawater  cations  (i.e.  Na2+,  Mg+,  Ca2+  and 
I<+ )  and  anions  (Cl~  and  S042- )  are  effective  in  mobilising  sediment- 
associated  metals  into  the  water  column  [54,55].  Therefore,  lower 
salinity  conditions  with  the  construction  of  tidal  range  structures 
is  likely  to  reduce  the  competition  between  seawater  cations  and 
sediment-associated  metals  for  cation  exchange  binding  sites  on 
the  sediment  particle  surfaces.  This,  in  turn,  would  lead  to  a  reduc¬ 
tion  in  the  displacement  of  metal  ions  into  the  water  column  and 
dissolved  metal  concentrations  behind  the  structures  where  salin¬ 
ity  would  be  lower.  Also,  there  is  likely  to  be  a  reduction  in  the 
formation  of  soluble  metal  complexes  with  the  seawater  anions, 
leading  to  a  reduction  in  metal  desorption  from  sediments  into  the 
water  column.  A  reduction  in  metal  concentrations  in  the  water 
column  will  improve  water  quality  and  reduce  the  potential  for 
biological  uptake  and  toxic  effects  on  aquatic  organisms. 

3.5.  Nutrients 

Nutrients  are  of  significant  importance  in  estuaries.  Nutrient 
concentrations  coupled  with  adequate  light  conditions  stimulate 
the  production  of  phytoplankton  which  forms  the  foundation  of 
the  estuarine  food  chain  [56].  As  a  result  of  the  availability  of  nutri¬ 
ents  and  high  biological  productivity,  estuarine  environments  tend 
to  provide  a  suitable  habitat  for  numerous  species  of  aquatic  flora 
and  fauna.  Nutrients  are  essential  for  all  living  organisms  as  they 
are  vital  components  of  nucleic  acids  and  proteins  which  are  the 
building  blocks  for  plant  and  animal  growth.  The  limiting  nutrients 
for  biological  productivity  in  freshwater  and  estuarine  environ¬ 
ments  are  phosphates  and  nitrates  respectively  [57-59].  However, 
the  amount  of  evidence  for  consistent  nitrate  limitation  in  estuar¬ 
ine  environments  is  not  as  firm  as  that  for  phosphate  limitation  in 
freshwater  environments  [58,59]. 

There  are  several  sources  of  nutrients  in  an  estuary  and 
they  can  be  autochthonous  or  allochthonous.  The  autochthonous 


nutrient  sources  include  biological  fixation,  chemical  desorp¬ 
tion  from  sediment,  direct  precipitation,  bacterial  decomposition 
of  organic  matter  and  groundwater  flow  [60,61].  The  main 
allochthonous  nutrients  sources  are  of  terrestrial  origin  carried  into 
the  estuary  by  rivers  and  they  include  agricultural  run-off,  indus¬ 
trial  effluents,  domestic  sewage,  soil  erosion  and  leachates  [62]. 
Also,  there  can  be  direct  nutrient  inputs  into  the  estuary  from  atmo¬ 
spheric  deposition.  On  entering  the  estuary,  nutrients  are  either 
directly  assimilated  by  microbial  populations  and  plant  communi¬ 
ties  or  become  associated  with  sediments  through  ion-exchange 
reactions  [63,64].  The  sediment-associated  nutrients  are  not  read¬ 
ily  available  for  biological  uptake.  However,  the  nutrient  adsorption 
capacity  of  sediments  is  a  function  of  the  sediment  composition  and 
environmental  factors  such  as  salinity  [32,65]. 

Excessive  nutrient  inputs  from  both  the  autochthonous  and 
allochthonous  sources  into  estuaries  can  cause  the  prolific  growth 
of  phytoplankton  resulting  in  eutrophication.  Eutrophication  is 
defined  as  the  nutrient  enrichment  of  waters  which  leads  to  an 
array  of  symptomatic  changes,  such  as  increased  production  of 
algae  and  macrophytes,  deterioration  of  fisheries  and  water  qual¬ 
ity  [66].  Other  changes  in  the  water  column  associated  with  the 
abundance  of  nutrients  and  eutrophication  include  a  reduction 
in  dissolved  oxygen  and  pH,  change  in  turbidity  and  decrease  in 
the  depth  of  sunlight  penetration  [67,68].  Also,  eutrophication  can 
accelerate  biological  processes  and,  thus,  induce  the  production  of 
hydrogen  sulphide  as  well  as  nitrous  oxide,  a  gas  which  plays  a 
significant  role  in  the  global  radiation  budget  through  the  enhance¬ 
ment  of  greenhouse  effect  [60,69,70].  These  conditions  often  lead  to 
increased  mortality  of  aquatic  organisms,  including  invertebrates 
and  fish  populations,  the  reduction  in  biodiversity  and  the  overall 
deterioration  of  water  quality. 

The  availability  of  nutrients  coupled  with  increased  light  pene¬ 
tration  following  the  installation  of  tidal  renewable  energy  systems 
is  a  cause  for  concern  due  to  the  need  to  safeguard  estuaries  from 
the  potential  effects  of  eutrophication  on  the  aquatic  biota  and  estu¬ 
arine  water  quality.  Although  nutrients  in  suspension  tend  to  be 
flushed  out  to  sea,  the  restricted  tidal  flushing  with  the  construc¬ 
tion  of  tidal  range  structures  may  reduce  nutrient  dispersion  and 
increase  the  residence  time  of  nutrients  in  the  impounded  water 
column  [71 ,72].  What  is  also  less  clear  is  whether  the  increased  sed¬ 
imentation  and  deposition  with  the  installation  of  tidal  renewable 
energy  systems  is  likely  to  trap  more  nutrients  and  organic  matter 
in  suspension  into  the  bed  sediment,  thereby  reducing  the  nutrient 
levels  in  the  water  column  and  enhancing  carbon  sequestration 
(carbon  burial)  in  the  bed  sediment.  A  complication,  however,  is 
that  the  decrease  in  suspended  sediment  levels  with  the  intro¬ 
duction  of  tidal  renewable  energy  systems  into  an  estuary  may 
reduce  the  capacity  for  nutrient  inputs  from  rivers  to  be  removed 
from  the  water  column  through  adsorption  to  sediment  [49].  A  fur¬ 
ther  point  to  consider  is  whether  there  is  likely  to  be  less  nutrient 
inputs  from  chemical  desorption  due  to  the  reduction  in  sediment 
resuspension.  It  is  clear  that  the  change  in  suspended  sediment 
concentrations  has  some  major  implications  for  nutrient  concen¬ 
trations  but  there  is  a  need  for  further  investigations.  A  reduction  in 
salinity  with  the  construction  of  tidal  range  structures  may  increase 
the  residence  time  of  nutrients  in  sediment  due  to  less  competition 
between  nutrients  and  seawater  ions  for  ion  exchange  binding  sites 
on  sediment  particle  surfaces.  Radford  [73]  predicted  that  there 
would  be  an  increase  in  nutrient  availability  with  the  construction 
of  a  barrage  in  the  Severn  Estuary  due  to  reduced  tidal  flushing 
and  increased  residence  time,  but  nutrient  concentrations  would 
not  increase  considerably  and  eutrophication  is  not  likely  to  occur. 
The  increased  nutrient  availability  would  have  positive  ecological 
implications.  Radford  and  Ruardij  [30]  predicted  that  the  supply  of 
nutrients  combined  with  the  increase  in  the  average  photic  zone 
(i.e.  from  0.1  m  to  approximately  5  m)  due  to  reduced  turbidity 
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with  barrage  construction  on  the  Severn  Estuary  would  lead  to 
considerable  phytoplankton  growth.  The  increased  primary  pro¬ 
duction  would  be  utilized  by  zooplanktons,  resulting  in  a  much 
greater  biomass  than  that  presently  occurring  in  the  estuary.  In 
addition,  the  additional  food  supply  provided  by  the  increase  in 
organic  carbon  from  primary  production  is  predicted  to  increase 
the  population  of  suspension  feeders  and  benthic  deposit  feeders 
in  the  estuary  [30,73]. 

3.6.  Pathogens 

The  main  concern  associated  with  pathogens  in  aquatic  envi¬ 
ronments  is  their  potential  negative  impact  on  aquatic  organisms 
including  fish  and  their  hazard  to  human  health  which  has  been 
well  documented  in  many  studies  [74,75].  Pathogens  include  fae¬ 
cal  bacteria  such  as  coliform,  faecal  coliform,  faecal  streptococci  and 
intestinal  enterococci.  These  organisms  in  aquatic  environments 
are  mainly  derived  from  discharges  of  sewage  and  industrial  efflu¬ 
ents  either  directly  to  sea  or  via  rivers,  urban  run-off  from  adjacent 
land  areas,  particularly  those  used  for  livestock  farming,  inputs 
from  birds  especially  in  inter-tidal  areas  and  agriculture-related 
diffuse  pollution  [76]. 

Once  released  into  the  estuarine  environment,  pathogens  either 
attach  onto  suspended  sediments,  particularly  those  with  high 
organic  matter  content  or  exist  as  free-living  forms  in  the  water 
column  [6,77].  Free  living  pathogens  move  with  water  flow  while 
attached  pathogens  move  with  the  suspended  sediments.  Only 
1-30%  of  bacteria  in  natural  waters  are  free-living,  with  the  major¬ 
ity  attached  to  sediments  [6].  This  is  partly  due  to  extensive 
urbanisation  which  has  made  natural  water  increasingly  turbid, 
providing  more  sediment  for  bacteria  attachment.  The  free-living 
bacteria  in  the  water  column  can  die-off  depending  on  the  complex 
interaction  of  sunlight  intensity,  nutrient  deficiency,  salinity  and 
temperature  with  varying  magnitude  of  importance  [78].  Sunlight 
intensity  exerts  a  greater  control  on  bacteria  mortality  rate  in  the 
water  column  compared  to  the  other  factors.  Bacteria  associated 
with  suspended  sediments  can  settle-out  of  the  water  column  with 
the  sediments  to  create  a  store  in  the  bed  sediment  [79].  Generally, 
the  levels  of  pathogenic  bacteria  can  be  100-2000  times  higher  in 
the  bed  sediment  compared  to  the  water  column  [6].  However,  the 
storage  in  the  sediment  may  not  be  permanent  and  the  bacteria  may 
be  subject  to  re-release  into  the  water  column  with  sediment  resus¬ 
pension  [77,79].  Therefore,  changes  to  sediment  transport  would 
have  consequences  for  bacteria  levels  in  the  water  column  in  an 
estuary. 

The  reduction  in  suspended  sediment  levels  with  the  installa¬ 
tion  of  tidal  renewable  energy  systems  (up  to  83%  behind  a  barrage 
in  the  Severn  Estuary  [6])  is  likely  to  have  an  effect  on  the  levels  of 
bacteria  in  the  estuary.  Ahmadian  et  al.  [28]  and  Ahmadian  et  al.  [6] 
predicted  that  there  would  be  a  decrease  in  bacteria  levels  with  the 
introduction  of  an  array  of  tidal  stream  turbines  and  the  construc¬ 
tion  of  a  barrage  in  the  Severn  Estuary  due  to  reduced  suspended 
sediment  levels.  The  reduction  in  suspended  sediment  levels  would 
reduce  inputs  into  the  water  column  from  bacteria  adsorbed  to  sed¬ 
iments  and  reduce  turbidity  with  a  corresponding  increase  in  light 
penetration  into  the  water  column  and  bacteria  decay  rates. 

4.  Water  quality  modelling 

An  appraisal  of  the  significance  of  the  potential  hydro- 
environmental  impacts  of  proposed  tidal  renewable  energy 
schemes  is  crucial  in  order  to  ensure  that  the  best  option  is  imple¬ 
mented.  This  can  be  investigated  priori  with  the  aid  of  water  quality 
models.  In  this  way,  water  quality  models  can  inform  public  pol¬ 
icy  decision  making  processes.  In  addition,  water  quality  models 


are  widely  used  as  research  tools  to  better  understand  the  pro¬ 
cesses  that  occur  within  aquatic  systems  that  can  contribute  to  the 
deterioration  of  water  quality  such  as  eutrophication. 

Water  quality  models  can  be  categorised  based  on  number  of 
dimensions  considered.  The  dimensions  simulated  by  a  model  pro¬ 
vide  information  about  its  complexity  and  suitability  for  specific 
applications.  A  one-dimensional  (ID)  model  simulates  the  advec- 
tion  and  dispersion  of  solutes  and  water  flow  in  one  direction  (e.g. 
downstream),  with  the  water  body  assumed  to  be  instantaneously 
mixed  across  its  width  and  depth.  A  two-dimensional  (2D)  model 
accounts  for  dispersion  of  solutes  across  either  the  width  or  the 
depth  of  the  water  body  but  not  both.  A  three-dimensional  (3D) 
model  represents  water  flow  and  solute  transport  in  all  directions. 
These  models  are  usually  used  to  model  water  bodies  with  com¬ 
plex  mixing  patterns.  Before  modelling  water  quality  processes  in 
estuaries,  the  hydrodynamics  of  the  estuary  has  to  first  be  modelled 
based  on  a  set  of  assumptions  about  flow  in  the  estuary.  Following 
from  this,  a  range  of  physical,  chemical  and  biological  parameters 
are  often  modelled,  including  dissolved  oxygen,  nutrients,  metals 
and  phytoplanktons  through  solving  a  set  of  mathematical  formu¬ 
lations  [80,81]. 

Several  water  quality  models  including  QUAL2E  [82],  CE-QUAL- 
ICM  [83],  DIVAST  [84],  MOHID  [85],  WASP6  [86],  EFDC  [87],  and 
ELCOM-CAEDYM  [88]  have  been  developed  and  applied  in  riverine, 
lacustrine,  estuarine  and  coastal  environments  to  study  water  qual¬ 
ity  and  ecosystem  problems  such  as  eutrophication.  These  models 
simulate  the  relationships  between  physical,  chemical  and  biolog¬ 
ical  processes  in  the  aquatic  environment.  An  evaluation  of  the 
processes  represented  in  these  models,  particularly  those  associ¬ 
ated  with  nutrient  cycling,  highlighted  that  only  some  of  these 
models  consider  sediment  nutrient  interactions.  For  example,  in 
the  CAEDYM  model,  the  process  of  adsorption-desorption  of  phos¬ 
phate  and  ammonium  to  sediments  was  represented  (Fig.  4).  But  in 
the  EFDC  model,  only  the  adsorption-desorption  of  phosphates  was 
represented  and  in  the  DIVAST  model,  the  adsorption-desorption 
of  nutrients  was  not  considered  at  all  (Fig.  4).  In  addition,  the  effect 
of  environmental  variables  such  as  salinity  on  the  coefficients  used 
to  describe  the  sediment-nutrient  related  processes  in  most  models 
including  CAEDYM  and  EFDC  was  not  taken  into  account.  Also,  the 
adsorption-desorption  of  nutrients  is  represented  as  linear  equi¬ 
librium  process.  However,  most  experimental  studies  indicate  that 
non-linear  processes  give  a  better  representation  of  the  relations 
between  nutrients  and  sediment  [89,90].  In  essence,  there  is  room 
for  refining  the  processes  and  coefficients  used  in  water  quality 
models  in  order  that  the  model  predictions  better  reflect  field  con¬ 
ditions  particularly  in  estuarine  waters.  However,  water  quality 
models  still  provide  a  valuable  means  of  evaluating  the  significance 
of  potential  impacts  of  proposed  schemes  on  water  quality  and  in 
the  following  section,  details  of  such  modelling  studies  in  the  UK 
are  presented. 


5.  UK  case  studies:  hydro-environmental  modelling  of  the 
impacts  of  tidal  renewable  energy  systems 

In  this  section,  three  studies  on  the  application  of  models  to 
investigate  the  impacts  of  proposed  UK  tidal  range  structures  and 
an  array  of  tidal  stream  turbines  on  the  hydrodynamic  regime  and 
water  quality  of  the  Severn  Estuary  are  presented.  The  first  study 
focuses  on  the  impacts  of  the  proposed  Severn  Barrage  and  Fleming 
Lagoon  on  hydrodynamic  parameters  in  the  Severn  Estuary.  The 
model  predicts  water  levels  and  tidal  currents,  with  and  without 
a  barrage  or  lagoon  and  the  results  reported  here  are  for  a  mean 
spring  tide.  In  this  study,  an  unstructured  triangular  2-dimensional 
mesh  model  was  developed,  verified  and  applied.  Details  of 
the  model  governing  equations,  numerical  solution  methods, 
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Fig.  4.  Nutrient  and  phytoplankton  cycles  as  illustrated  in  (a)  EFDC,  (b)  CAEDYM  and  (c)  DIVAST. 


calibration  and  verification  can  be  found  in  Falconer  et  al.  [26]  and 
Xia  et  al.  [91  ].  The  second  study  examined  the  suspended  sediment 
concentrations  and  bacterial  levels  in  the  Severn  Estuary  as  well 
as  water  level  and  currents,  with  and  without  the  Severn  Barrage. 
In  this  study,  2-D  DIVAST  (Depth  Integrated  Velocities  And  Solute 


Transport)  and  1-D  FASTER  (Flow  And  Solute  Transport  in  Estuar¬ 
ies  and  Rivers)  models  were  validated  and  applied.  Details  of  the 
validation  can  be  found  in  Ahmadian  et  al.  [6].  In  the  third  study, 
the  far-field  impacts  of  an  array  of  tidal  stream  turbines  on  sedi¬ 
ment  transport  and  bacteria  levels  in  the  Severn  Estuary  at  mean 
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Fig.  5.  Location  of  Severn  Barrage  proposed  for  construction  in  the  Severn  Estuary. 
Picture  courtesy  of  Severn  Tidal  Power  Group. 
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Fig.  6.  Fleming  coastally  attached  tidal  lagoon  -  proposed  for  construction  in  the 
Severn  Estuary. 

Picture  courtesy  of  Department  of  Energy  and  Climate  Change  (DECC). 


ebb  tide  was  assessed,  using  the  2-D  DIVAST  model  linked  to  1-D 
FASTER  model.  In  this  study,  the  model  was  set  up  for  an  array  of 
2000  m  x  10  m  diameter  turbines  located  in  an  arbitrary  site  along 
the  Severn  Estuary.  Details  of  the  turbine  representation  and  valida¬ 
tion  of  the  model  can  be  found  in  Ahmadian  [92].  The  models  used 
in  these  studies  were  developed  within  the  Hydro-Environmental 
Research  Centre  at  Cardiff  University. 

The  Severn  Estuary  spans  the  South  Wales  coast  and  the  north¬ 
ern  reach  of  the  South  West  coast  of  England  and  it  is  situated  about 
240  km  west  of  London.  The  estuary  is  about  200  km  long  [26].  It 
has  the  third  largest  tidal  range  in  the  world  [14].  The  spring  tidal 
range  reaches  14  m  and  the  spring  tidal  currents  are  well  in  excess 
of  2  ms-1,  demonstrating  that  the  Severn  Estuary  is  an  ideal  loca¬ 
tion  for  tidal  range  structures  and  tidal  stream  devices.  There  is  an 
extensive  area  of  intertidal  mudflats  along  the  estuary  and  the  sus¬ 
pended  sediment  levels  are  high,  with  the  spring  and  neap  loads 
estimated  at  30  Mt  and  4  Mt  respectively.  As  a  result,  light  penetra¬ 
tion  through  the  water  column  is  very  restricted,  dissolved  oxygen 
saturation  levels  are  low  and  aquatic  life  is  limited  [26]. 

There  have  been  a  number  of  barrages  proposed  to  be  built 
across  the  Severn  Estuary  including  a  barrage  extending  from 
Cardiff  to  Weston-Super-Mare,  which  is  also  referred  to  as  the  Sev¬ 
ern  Barrage,  with  a  length  of  16  km  (Fig.  5).  The  barrage  comprises 
of  166  sluice  gates  and  216m  x  9m  diameter  bulb  turbines,  each 
producing  a  peak  output  of  40  MW,  thereby  peaking  at  8.64  GW  for 
a  spring  tide.  The  annual  electricity  generated  by  the  barrage  for 
an  ebb-generation  scheme  is  17TWh/year  which  is  equivalent  to 
about  5%  of  the  electricity  consumption  in  the  UK  [6,26].  Also,  the 
barrage  includes  ship  locks  for  access  to  ports  and  potentially  pro¬ 
vides  flood  defence  as  well  as  rail  and  road  communications.  The 
scheme  was  proposed  to  have  an  impounded  area  of  approximately 
500  km2  and  to  operate  under  ebb  tide  generation  conditions  only 
(Fig.  5).  Similarly,  the  Fleming  Lagoon  between  Newport  and  the 
Severn  Road  crossing  was  proposed  to  operate  under  ebb  genera¬ 
tion  conditions  only  (Fig.  6).  Its  impounded  area  of  approximately 
80  km2  was  proposed  to  have  an  installed  capacity  of  approxi¬ 
mately  1 .36  GW  [26]. 

A  comparison  between  the  model  predicted  water  level  distri¬ 
butions  both  with  and  without  the  tidal  renewable  energy  schemes 
for  a  mean  spring  tide  shows  a  reduction  in  the  maximum  water 
levels  (Fig.  7a-c).  With  the  construction  of  the  Severn  barrage,  the 
maximum  water  levels  are  predicted  to  decrease  by  about  0.5  m 
downstream  and  between  0.5  and  2.0  m  upstream  of  the  barrage 


(Fig.  7a  and  b).  In  the  case  of  the  Fleming  Lagoon,  the  maximum 
water  levels  following  its  construction  are  predicted  to  decrease 
by  only  0.1 -0.2  m  in  the  region  upstream  of  the  lagoon  (Fig.  7a 
and  c).  These  predicted  results  indicate  that  there  will  be  a  greater 


Fig.  7.  Comparison  of  maximum  spring  tide  water  levels  for  (a)  no  scheme,  (b)  the 
Severn  Barrage  and  (c)  the  Fleming  Lagoon  [26]. 
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Fig.  8.  Comparison  of  maximum  spring  tide  currents  for:  (a)  no  scheme,  (b)  the  Severn  Barrage  and  (c)  the  Fleming  Lagoon  [26]. 


reduction  in  the  risk  of  flooding  upstream  with  the  construction  of 
the  barrage  compared  to  the  lagoon. 

A  comparison  between  the  predicted  tidal  current  distributions, 
both  without  and  with  the  Severn  Barrage  and  the  Fleming  Lagoon 
for  a  mean  spring  tide  shows  a  reduction  in  the  maximum  tidal  cur¬ 
rents  (Fig.  8a-c).  The  reduction  is  in  accordance  with  the  decrease 
in  water  volume  entering  the  estuary  with  the  construction  of  the 
tidal  renewable  energy  structures.  The  maximum  currents  with  the 
construction  of  the  Severn  Barrage  are  predicted  to  significantly 
decrease  in  the  main  channel  upstream  of  the  barrage  and  in  a 
fairly  large  area  across  the  estuary  (i.e.  seawards  of  the  barrage 
and  west  of  Cardiff)  (Fig.  8a  and  b).  For  example,  around  the  outlet 
of  the  estuary,  the  maximum  current  speed  is  predicted  to  exceed 
2.0ms_1  without  the  barrage.  The  current  speed  is  predicted  to 
decrease  to  less  than  1.4  ms-1  with  the  barrage  (Fig.  8a  and  b).  In 
the  case  of  the  Fleming  Lagoon,  the  maximum  currents  would  effec¬ 
tively  decrease  mainly  upstream  of  the  barrage  line,  with  a  slight 
decrease  predicted  in  the  maximum  currents  near  the  outlet  of  the 
estuary  (Fig.  8a  and  c). 

A  comparison  between  the  predicted  suspended  sediment  levels 
without  and  with  the  Severn  barrage  for  a  mean  spring  tide  shows 


a  significant  reduction  with  the  barrage  (Fig.  9a  and  b).  For  exam¬ 
ple,  in  the  region  upstream  of  the  barrage,  the  suspended  sediment 
concentration  is  predicted  to  be  about  1 200  mg  l-1  without  the  bar¬ 
rage  and  the  concentration  is  predicted  to  significantly  decrease  to 
200  mg  l-1  with  the  barrage  (Fig.  9a  and  b).  Similarly,  a  compari¬ 
son  between  the  predicted  faecal  bacteria  levels  without  and  with 
the  barrage  for  mean  spring  tide  shows  a  significant  decrease  in 
bacterial  levels  upstream  with  the  barrage  (Fig.  10a  and  b). 

A  comparison  of  the  predicted  suspended  sediment  levels  with¬ 
out  and  with  an  array  of  tidal  stream  turbines  for  a  mean  ebb 
tide  shows  a  reduction  with  the  array,  particularly  10  km  down¬ 
stream  of  the  array  (Fig.  11a  and  b),  highlighting  that  the  changes 
in  suspended  sediment  levels  is  more  evident  some  significant  dis¬ 
tance  away  from  the  array.  These  changes  are  considered  to  be  a 
consequence  of  changes  in  the  current  velocities  due  to  increased 
resistance  to  flow  by  the  introduction  of  the  stream  turbines  in 
the  estuary.  However,  further  modelling  studies  are  required  as 
the  changes  in  suspended  sediment  levels  do  not  follow  a  sim¬ 
ple  pattern  during  a  tidal  cycle.  Similarly,  a  comparison  between 
the  predicted  faecal  enterococci  bacteria  levels  without  and  with 
the  array  for  mean  ebb  tide  shows  a  decrease  in  bacterial  levels 
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Fig.  9.  Predicted  suspended  sediment  levels  across  the  estuary  predicted  at  mean 
spring  tide  at  Barry  (red  dot),  (a)  without  and  (b)  with  barrage  [6].  (For  interpretation 
of  the  references  to  color  in  this  figure  legend,  the  reader  is  referred  to  the  web 
version  of  the  article.) 


Fig.  11.  Predicted  suspended  sediment  levels  across  the  estuary  at  mean  ebb  tide  at 
Barry  (red  dot)  (a)  without  and  (b)  with  the  turbine  array  [28].  (For  interpretation  of 
the  references  to  color  in  this  figure  legend,  the  reader  is  referred  to  the  web  version 
of  the  article.) 
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Fig.  10.  Predicted  faecal  bacteria  levels  in  the  estuary  predicted  at  mean  spring  tide 
at  Barry  (red  dot),  (a)  without  and  (b)  with  barrage  [6].  (For  interpretation  of  the 
references  to  color  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of 
the  article.) 
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Fig.  12.  Predicted  faecal  enterococci  bacteria  levels  across  the  estuary  at  mean  ebb 
tide  at  Barry  (red  dot)  (a)  without  and  (b)  with  the  turbine  array  [28].  (For  interpre¬ 
tation  of  the  references  to  color  in  this  figure  legend,  the  reader  is  referred  to  the 
web  version  of  the  article.) 
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downstream  of  the  array  (Fig.  12a  and  b).  However,  unlike  the  case 
of  the  predicted  suspended  sediment  levels,  the  reduction  in  the 
predicted  faecal  enterococci  bacteria  levels  can  be  observed  for 
up  to  25  km  downstream  of  the  array.  This  indicates  that  other 
processes,  which  need  to  be  studied  in  detail,  contribute  to  bac¬ 
teria  transport  in  addition  to  desorption  of  bacteria  attached  to 
suspended  sediment. 

The  predictions  from  these  studies  has  made  a  significant  con¬ 
tribution  to  understanding  some  of  the  changes  to  water  quality  in 
the  Severn  Estuary  following  the  introduction  of  tidal  renewable 
energy  systems  in  the  estuary.  In  the  case  of  the  Severn  Barrage, 
the  reduction  in  the  magnitude  of  the  tidal  currents,  would  lead  to 
a  significant  reduction  in  the  suspended  sediment  concentrations 
and  turbidity  levels.  This,  in  turn,  would  result  in  a  corresponding 
increase  in  light  penetration  and  a  reduction  in  bacterial  levels  in 
the  water  column  due  to  the  reduced  input  from  bacteria  adsorbed 
onto  suspended  sediments  and  increased  decay  rates  as  a  result  of 
increased  light  penetration.  However,  further  modelling  studies  are 
required  to  fully  understand  the  near-field  and  far-field  changes  to 
suspended  sediment  and  bacterial  levels  following  the  installation 
of  an  array  of  tidal  stream  turbines. 

6.  Conclusion 

Globally,  tidal  renewable  energy  will  play  a  prominent  role  in 
the  generation  of  C02  free  electricity  in  the  immediate  future.  How¬ 
ever,  the  operation  of  tidal  renewable  energy  systems  in  or  across 
an  estuary  or  coastline  can  have  significant  implications  for  the 
aquatic  environment.  This  review  paper  has  highlighted  that  tidal 
renewable  energy  systems  would  clearly  have  significant  hydro- 
environmental  impacts  on  an  estuary.  Hydrodynamic  and  water 
quality  modelling  studies  have  demonstrated  that  the  key  impacts 
would  be  the  change  to  the  pre-existing  hydrodynamic  regime  with 
a  reduction  in  tidal  range  and  currents.  This  would  influence  salin¬ 
ity  and  dissolved  oxygen  levels  as  well  as  sediment  transport  with 
an  increase  in  sediment  deposition  and  sedimentation  rates.  These 
changes  would  lead  to  a  decrease  in  suspended  sediments  and  fae¬ 
cal  bacteria  concentrations  in  the  water  column.  The  changes  could 
also  have  potential  knock-on  effects  on  dissolved  nutrient  and 
metal  concentrations  in  the  water  column,  thereby  affecting  water 
quality,  probably  to  a  lesser  extent  with  tidal  stream  devices  com¬ 
pared  to  tidal  range  structures.  Further  studies  are  needed  to  fully 
understand  the  resulting  effects  on  water  quality  including  studies 
to  clarify  how  the  reduction  in  suspended  sediment  concentrations 
would  impact  nutrient  availability  following  the  installation  of  tidal 
renewable  energy  systems. 

The  significance  and  scale  of  the  potential  impacts  of  tidal 
renewable  energy  systems  on  water  quality  remains  unclear  and 
is  likely  to  vary  between  estuaries  and  coastlines.  Previous  studies 
have  shown  that  there  are  positive  hydro-environmental  impacts 
associated  with  tidal  renewable  energy  systems  as  well  as  the 
highly  publicised  adverse  effects.  More  hydro-environmental  mod¬ 
elling  studies  are  needed  as  they  provide  a  means  of  assessing 
the  significance  and  scale  of  the  impacts  of  proposed  and  future 
schemes  on  a  site  specific  basis  and  enable  more  definite  predic¬ 
tions  to  be  made. 
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